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INTRODUCTION 

Many of che growth methods which produce silicon material for the 
fabrication of ineX)^erisive solar cells yield material which contains a 
relative high density of structural defects, such as grain boundaries, twin 
boundaries and dislocations. Because such defects will, in general, reduce 
the efficiency of a solar cell, there is a technological incentive to study 
the formation and structure of such defects, and their influence on the 
minority carrier lifetime. 

In the following section, we will discuss the applications of TEM and 
EBIC to the study of crystalline defects. 


CORRELATED EBIC AITD TEM STUDIES OF DEFECTS 

A convenient way to study the relationship between the electrical 
properties and the structure of a defect is to combine electron beam induced 
current microscopy (EBIC) with transmission electron microscopy [l,2l. The 
principles underlying EBIC are identical to those governing the operatiou of a 
solar cell under optical excitation. The specimen is illuminated with a 
narrow beam of electrons which is scanned across the cell and the short 
circuit current I(o) is collected by a Schottky or p-n junction and recorded 
as a function of position. I(o) decreases in the vicinity of defects which 
act at recombination centers. Calculations [3] and experiment [4] show that 
the spatial resolution of the technique is not, as one might suspect, set by 
the diffusion length of the minority carriers, but largely depends on the 
volume into which the incident electrons are scattered. This generation 
volume varies with energy and is, at practical beam voltages between 10 and 20 
keV, in the order of I um, i.e. the resolution of EBIC images is comparable 
to that of optical micrographs. 

The relatively low spatial resolution of EBIC requires that the defects 
being studied are separated by several microns. Transmission electron 
microscopy (TEM) can supply detailed information on the structure of defects. 
The chief disadvantage of transmission electron microscopy at conventional 
beam voltages (100 KeV) is the necessity to prjpare thin (below 100 nanometer) 
specimens. Usually, the specimen is polished until a small hole with sloping 
edges is formed. Observation is restricted to the areas in the vicinity of 
the hole. Much larger areas can be inspected (and hence correlated with the 
EBIC image) by high voltage transmission electron microscopy (1 Mev) which is 
capable of penetrating several microns of silicon. For this reason EBIC 
images are usually correlated with HVTEM micrographs ^ unless high resolution 
(lattice images) is required. The latter are obtained from imaging very thin 
Sections of the specimen in high resolution instruments operating at 
conventional voltages. 


THE DEFECT STRUCTURE OF LASS THIN RIBBON MATERIAL. 

The above techniques were applied to investigate the defect structure of 
edge defined film growth (EFG) material, fabricated by Mobil Tyco; web 
dentritic ribbons (WEB), grown by Westinghouse Co, and ribbon to ribbon 
recrystallized material (RTR) produced by Motorola. 
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The most common defects in all of these materials are coherent first 
order twin boundaries. These coherent twins can be very thin, a few atomic 
layers. Bundles of these twins which contain odd numbers of twins will, in 
optical mages (i.e. resolution of about 1 um) appear as a seemingly single 
first order twin boundary. First order coherent twin boundaries are not 
electrically active, except at locations where they contain intrinsic (grain 
boundary dislocations). These d. ocations take up small deviations from the 
ideal twin relation and play the same role in twin boundaries as conventional 
edge and screw dislocations in small angle tilt and twist boundaries. 

Besides first order coherent twin boundaries (which are called SIGMA > 3 

boundaries in the notation developed by Bollmann), the materials generally 
contain dislocations and higher order twin boundaries. Some of these higher 
order twin boundaries share the (111) habit plane of first order coherent twin 
boundaries. A first order coherent twin boundary may "split” by emitting a 
first order twin boundary "sideways" (i.e. on an other twinnning plane) and 
continue, in a straight continuation, as a second order (111)/(115) twin. 
These twins are strongly electrically active. 

The results obtained on the various materials are ordered as follows: 

i) RTR material 

ii) WEB material 

iii) EFG material. 

Additional articles which discuss the investigation of grain boundaries in Si 
in more detail are attached in the appendix for the those readers which are 
interested in more details. 
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I) THE DEFECT STRUCTURE OF RTR SILICON ; PART I 


Abstract 

The defect structure of one RTR ribbon supplied by JPL (sample identi- 
fication #6-731, run 803) was evaluated by transmission electron microscopy, 
complemented by other techniques such as etching or scanning electron 

microscopy. In addition to dislocations, stacking faults and twins, a 
13 —3 

high density (viO cm ) of small, heavy metal related precipitates were 
observed. Such precipitates, in general, act as efficient recombination 
centers and may be responsible for the low efficiency of solar cells 
fabricated from RTR ribbons. 
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1. Introduction 

In the JPL/DOE low-cost silicon solar array project characterization 
of the defect structure of silicon rithon material is part of the effort 
to reduce costs of the rihhon fabrication. Crystalline defects in semi- 
conducting materials frequently affect the electrical properties, (e.g., 

/!/), for example, minority carrier lifetime, by acting as efficient 
recombination centers. Analys'*- ' f the nature of the defects and their 
electronic properties can aid in controlling ribbon growth such that the 
content of electrically active defects is reduced to a tolerable level. 

This report summarizes the results obtained dxiring an extensive 
analysis of one Motorola RTR ribbon, sample identification #6-731, run 803. 

This ribbon was produced by CVD from SiHCl^ onto a Mo substrate. The 
approximately 12 mil thick and 1 - 1.25 inch wide ribbon was subsequently 
laser recrystallized with a feed rate of .5 inch/min. and a growth rate 
of 1 inch/min. causing a factor-of-two reduction in thickness. Finally 
the ribbon was annealed in Ng for 1 hour at 1100°C. 

2. Experimental techniques 

Transmission electron microscopy (TEM) was used to characterize the 
material. The TEM samples were produced by breaking off small pieces from 
different areas of the ribbon to ensxxre good statistics. These pieces 
were mechanically ground to a thickness of approx. 50 ym, from one side to 
investigate the surface-near regions and from both sides to investigate the 
central part of the ribbon. The slices were finally thinned by ion milling 
until a hole appeared. To check that no artifacts wtre introduced by ion 
milling, some slices were thinned by chemical dissolution in HN 02 :HF:HAC 5:1:1* 
These specimens showed preferential attack at defects, especially at 
twin boundaries te.g. , Fig. 5)* All samples were investigated in a 


Siemens 102 Elmiskop, using an accelerating voltage of 125 kV. 

Other techniques used to complement the TEM were: etch-pitting and 

optical microscopy, neutron activation analysis and Laue X-raying; scanning 
electron microscopy in the microprobe- (see below) and EBIC-mode (electron 
beam induced current) on Schottky diodes prepared on the ribbon material. 

3. Observed defect structure 

Different types of defects were observed and these shall be considered 
separately. Table 1 sxmnnarizes the main data. 

Lattice dislocations . These are present in the ribbon in a random manner 
(at least on the scale of TEM micrographs). They are generally bowed out, 
and sometimes exhibit cusps indicating that they are pinned at Jogs in 
their lines. A typical array is shown in Fig. 1. Clusters of dislocations 
have been found only infrequently. These clusters are generally associated 
with one or several planar faults such as a microtwin (see also below). We 
did not see any indication of a decoration of the dislocation lines by 
microprecipitates. 

The overall appearance of the dislocation structure sxiggests that the 
dislocations were created by glide , probably caused by thermal stresses 
created during cooling of the ribbon. The fact that precipitation occurred 
in the b\alk of the ribbon (see below) and not at dislocations indicates that 
the lattice dislocations were formed after the precipitation process, possibly 
after the annealing treatment, since the dislocation structure does not ex- 
hibit feat'ures due to aimealing. 

Stacking faults . These occur on all four {lll}-planes . They have a 
round appearance with a diameter of approximately 3 Wm. The two stacking 
faults visible in Fig. 2 are confined to differently inclined {lll}-planes 
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and are only partially contained in the foil. Stacking faiilts of this type 
are a conmon feature in silicon crystals cooled from the melt (or high tem- 
peratures) and resxilt from the condensation of intrinsic point defects. The 
size of these stacking faults leads to the presumption that they are 
stabilized against unfaulting by impurities /2/, however, visible decoration 
by microprecipitates has not been observed. 

Twins . These occur in a macroscopic network of twin- ' needles ' . Their 
thickness is generally in the range of a few to several tens of {lll}-planes , 
and their lengths extend to a few ram. Isolated twin boundaries (two of which 
coiild be thought of as representing a 'thick' twin) are also present. Fig. 3 
shows a typical array of such twins and twin boundaries. The boundaries 
are slightly inclined in the foil and exhibit in part fringe contrast effects. 
Fig. 3 also shows the relative rare case of a thin twin ending in the matrix. 
Such ends are generally associated with a few lattice dislocations which 
sometimes for^ tangles and/or have small dislocation loops nearby (Fig. J+). 

It should be noticed that the twin boundaries contain relatively few twin 
boundary dislocations, most of which seem to be caused by the interaction 
of lattice dislocations with the boundaries (Fig. 5)- Only one dislocation 
has been found to be decorated with microprecipitates similar to those 
described in the following section. In large grain EFG ribbon, twin boundary 
dislocations are veiy common (e.g. , 3) end are efficient recombination centers 
for minority carriers /3;^/. 

Precipitates . Close inspection of Figs. 1 to 5 reveals that in addition 
to the defects described above small defects are present in relative large 
density (Tab. l), giving rise to loop-like contrast structures. Close 
examination shows the contrast to be of Ashby-Brown-type /5/, i.e., it 
arises from precipitates acting as strain centers. These precipitates are 



quasi -homogeneously distributed in the ribbon material. The nature of the 
strain, whether compressional or dilatational, could not be determined 
because of the anisotropic shape of the precipitates. Information on the 
shape was obtained by high resolution TEM, i.e., weak-beam dark-field 
imaging (e.g. , Fig. 6e and f } , brlght-fleld imaging with many beams excited 
{’multi-beam'. Fig. 7) and lattice resolution (Fig. 8). Fig. 6 to 8 are 
seen along a <UO>-direction (Fig. 6 nearly. Figs. 7 and 8 exactly). The 
projected outlines of the precipitates tend to follow <112>-directions ; 
frequently a regular rhombic shape is formed (Fig. 7 and 8a), but irregular- 
ities in the outlines also occur (Fig. 6 and 8b). Edge-on observations 
suggest that the precipitates are platelets with sometimes a thickened 
central region and a tendency to lie preferrably on planes near {lOO}. 

However, large deviations may occur. From the direction of the projected 
rutlines and the {lOO} habit plane it follows that the precipitate edges 
are aligned preferentially along <110>-directions. Imaging with {00^*} 
reflections always minimizes the strain- field contrast, e.g.. Fig. 6d. Each 
precipitate then shows up as a dark area, the geometry of which compares to 
that obtained from high resolution microscopy [Fig. 6e, f). This contrast 
behavior is typical of 'absorption contrast', which indicates the precipitates 
to be of higher mass density than the matrix. 

The crystallographic nature of the precipitates coxild not be detenained, 
since it was not possible to obtain diffraction pattenis from the precipitates. 
The lattice images (Fig. 8) exhibit 'amorphous' looking patches inside the 
precipitates, so that the precipitates are probably amorphous in nature. 

The chemical composition of the precipitates is not known. From their 
contrast behavior it may be concluded that they contain heavy elements. 
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One element covild be Mo (probably associated with nitrogen), which might have 
diffused into the silicon ribbon from the substrate during ribbon growth 
and annealing. Microprobe experiments failed to indicate the presence of 
impurities, since the bulk concentration of these impurities is below the 
detection limit (in the order of 1000 ppm) . A preliminary neutron-activation 
analysis revealed Au as a trace impurity in the ppb-ramge- F\irther experiments 
are in progress. 

Interaction between different defects . In order to complete the des- 
cription it should be mentioned that different defects occasionally interact 
to form complicated structures. Some of these interactions have been con- 
sidered above, a few more examples shall be described. Fig. 9a shows a small 
twin being intersected by a stacking fault that contains several precipitates. 
In Fig. 9b the same area is seen edge-on: the trace of the twin can be seen 
as well as the partial dislocations of the stacking fault. The dislocation 
at the intersection is imaged as a point only, since its line coincides 
with the direction of the incident electron beam (along <110>). Fig. 10 
shows a cluster of perfect amd partial dislocations associated with stacking 
faiilts and small dislocation loops. Such structures are rarely encountered 
and are therefore not expected to influence the material characteristics. 

U. Conclusions 

The defect structure observed in the present RTR ribbon differs from that 

of ribbons grown by other techniques, e.g., EFG, predominantly in that it 

13 "3 

contains a high density of small precipitates (''-1.2 x 10 cm ). Precipi- 
tates are considered to be very efficient recombination sites for minority 
carriers; it is to be supposed that the high density impedes the application 
of this particular ribbon to the production of sufficiently efficient solar 
cells. This conclusion is corroborated by the experimental experience that 
we, in spite of repeated efforts, could not produce Schottky diodes on this 


materiELl in order to carry out an EBIC investigation. The preparation of the 
Schottky diode used cleaning and evaporation procedures which yielded good 
diodes on a variety of other ribbon aaterial of comparable defect structure 
except for the presence of the small precipitates described. These precipi- 
tates and/or the impurity content indicated by their presence may be 
responsible for the low efficiency of solar cells /6/ fabricated from RTR 


ribbons . 
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Figure Captions 


1. Typical dislocation array. £: diffraction vector. The variation In 
background Intensity Is due to a varying specimen thlckne*«. which 
occvirs ic lon-mlUlng. 

2. Two stacking faults Inclined In the foil. They are alternately visible 
In Fig. a and b. 

3. Characteristic area containing twin boiindarles. Dark field micrograph. 
The diffraction vector Is chosen so that areas with twin orientation 
relation show up dark and bright. Areas denoted with the sane letters 

A or B have the same orientation. At the right Is a twinned area ending 
In the matrix. 

U. End of a mlcrotwln. 

3. Lattice dislocations reacting with the boundaries of a thin twin. Note 
the bright seams near the twin due to preferential etch which occurred 
during the chemical thinning. 

6. Precipitates Imaged with different reflections a to d. They caxise 
strong Ashby-Brown contrast except when imaged with a {00U}-reflection, 
where they are seen in 'absorption contrast’. Note the improvement in 
resolution using dark- field weak -bear ''echnlques, compare Figs, e and f 
with Fig. c. 

7. Precipitates with a regular shape. Image Is tak'fn along <U0> with many 


beams excited. 


R. Regxilarly and b. irregularly shaped precipitate, imaged with lattice 
resolution. Note the 'amorphous' looking patches within the precipi- 
tates. Insets represent the Si-lattice as projected along an <U0>-direc 
tion, the traces of the {ill} planes are indicated. 

a. Stacking fault crossing a thin twin. Both are seen inclined to the 
electron beam by several degrees. 

b. Same area, but stacking fault and microtwin seen edge-on. Several 
precipitates are also present. Bri^t field. Multibeam along <110> 
axis. 

Complicated arrangement of lattice dislocations, partial dislocations, 
stacking faults and small dislocation loops. Bright field. Multibeam 


along <U0> axis. 
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Fig. 3 
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THE DEFECT STRUCTURE OF RTR SILICON ; PART II 


Abstract 

The defect structure of RTR ribbon #6-731, run 803 vas studied by 
CTEM, EBIC and HVTIM. Prior to laser recrystallization the defect 
structure consists of closely spaced tvln and grain boundaries. Pre- 
cipitation of inpurltles occurs after laser recrystallization. The 
observation of electrically active defects in EBIC has been correlated 
with HVTDl studies "Pairs" of electrically active defects in twin 
boundaries are due to stacking faults connecting the twin boundaries. 
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1. Introduction 

The following study supplements work previously performed on RTR materlsl, 

SSI pie identification <*6-731, rui\ 803 /!/. The additional studies, carried nat 
on specimens prepared during the original reporting period are: (l) TEM e-'.amlnatlon 

of the CVD (chemical vapor deposition) polycrystalllne substrate prior to laser 
recrystallization (2) EEIO studies of the recrystalllred substrate and (3) corre- 
lation between EBIC and IT.'TQ4 observations. A summary of the results presented 
in Report #•*, JPL Contract <*55**852 "Defect Structure of RTR Silicon Ribbon" will 
also be given. 

2. Previous Work 

Table 1 summarizes the defect structure data previously determined by con- 
ventional TEN /!/. The high density of precipitates, due presumably to contami- 
nation from the Mo substrate used for CVD, was thought to be responsible for the 
low reported efficiencies of RTR silicon ribbons /2/. In a<’iition, high densities 
of dislocations and stacking fault loops were observed. Attempts to image these 
specimens by EBIC (electron beam-induced current) microscopy were unsucce; sful. 

The difficulties encountered in preparing good Schottky diodes were attributed to 
the high density of precipitates. An Interesting observation In the previous study 
was that the dislocations were not decorated by precipitates. It was proposed 
therefore that the lattice dislocations were formed after the precipitation process, 
possibly after the annealing treatment. 

3. Experimental Techniques 

Scanning electron microscopy In the EBIC mode /3/ was used to characterize 
the local electrical properties l.e. the minority carrier recombination, at the 
defects. High voltage transmission electron microscopy (HVTEM) was used to deter- 
mine the geometrical nature of defects previously imaged by EBIC. Conventional 
transmission electron microscopy (CTD<) was used to characterize the CVD substrate 
prior to laser recrystalllzatlon. 
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1». Results 

a) TEM Studies of CVD Polycrystalline Silicon Subitratt 

Figure 1 shows a typical micrograph of the CVD silicon substrate. A large 
number of closely spaced twin and grain boundaries la observed but only a few 
lattice dislocations. The most significant observation Is the absence of pre- 
cipitates. The polycrystal] inc silicon la deposited on a molybdenum substrate 
which <2 icnown to introduce large 'ruantlties of Mo into the silicon /!</. This 
effect should be pronounced in the material used in the present study since no 
SlOj or Sl^Nj^ diffusion barrier was used between the Mo substrate and the silicon. 

b) EBIC Studies 

Although a Schottky diode suitable for E^IC was eventually fabricated on the 
recrystallized RTR silicon, the quality and resolution were not as good as speci- 
mens prepared from other ribbons (e.g. EFG). 

Figure 2(a) shows a typical EBIC micrograph frcan the RTR ribbon. Note 
that the image is very "noisy". A higher magnification micrograph. Figure 2(b), 
of the area delineated in Figure 2(a) shows that the horizontal lines are traces 
of twin or mlcrotwln boundaries and that the EBIC contrast arises from electrically 
active dislocations in the boundary. There are also a large number of electrically 
active defects in the matrix material. 

c) Correlation of EBIC and HVTm 

The correlation of EBIC and HVTIM requires that the same area be imaged by 
both techniques. Specimens are mapped out in EBIC and ion milled from the back 
side until the regie;. s of interest are contained in the electron transparent areas. 
The present coiTelation was only partly successful in that the resolution of the 
EBIC micrographs was not high enough to facilitate an exact 1:1 correspondence 
with individual dislocations observed in the HVTtH . 

Figure 3 shows an EBIC micrograph of active defects distributed along twin 
boxindarles. Part of the area indicated in Figure 3 was imaged by HVTIH, Figure 1*. 


The twin boundariee are vialble through fringe contrast In Figure l*(a). Although 
the EBIC and HVTD1 mlcrographi cannot be exactly matched one can nevertheless 
conclude that the density of active defects observed In EBIC Is lover than the 
density of dislocations observed In HVT31. This observation Implies that not all 
of the dislocations are electrically active. 

From HVTD< three distinct dislocation types can be distinguished, (l) Dls- 
locations with no preclpate decoration (2) dislocations lecorsted vlth precipitates 
and (3) dislocations pinned by precipitates. Examples of each of these are shown 
In Figures 5(a)-5(c) respectively. 

Figure C shows HVTIK micrographs of stacking faults connecting the two twin 
boundaries. The stacking faults are out of contrast in Figure 6(b) and the bounding 
dislocations can be seen. Although the overlapping fringes from the two faults 
makes It difficult to determine their nature It seems likely that one is Intrinsic 
and one extrinsic. This arrangement preserves the stacking sequence on either side 
of the faults. Figure 7 is an EBIC micrograph of "pairs” of active defects axong 
the t\rLn boundary imaged In Figure 6. In view of the HVTIH res\ilts we propose that 
the "pairing" Is caused by stacking faults between the twin planes and that the 
contrast Is due to the active partlals which bound these stacking faults. 

5. Discussion 

Since no precipitates are observed In the ribbons prior to laser recrystallizctlon , 
It Is reasonable to assume that preferential diffusion takes place along the twin and 
grain boundaries and that diffusion Into the matrix material Is limited (during CVD 
process). During recrystalllzatlon the Mo Is precipitated out into the matrix. 

Previous observations /!/ that the lattice dislocations were not decorated by pre- 
cipitates and that the precipitation process occurs prior to disloca- 
tion generation are supported to a certain extent by the present studies. Several 
dislocations however are decorated, suggesilng that some must be generated prior 
or corcommltantly with the precipitation process. 
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There is indirect evidence that the electricaJ. activity of dislocations depends 
on the temperature at which they are formed /5/. Formation of dislocations in tv»o 
temperature regimes (laser recrystallization, post anneal) could therefore explain 
the observed variability in electrical activity (and also precipitation) at dislo- 
cations. 

The presence of connecting twins and stacking faults and the corresponding 
EBIC observations of "pairs" of electricaJ.ly active defects are interesting fault 
combinations which also contribute to the reduced efficiencies in RTR ribbons. 
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Figure Captions 
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1. Typical array of twin and grain boundaries In CVD polycrystalllne silicon 
prior to laser recrystalllzatlon. 

2. (a) EBIC micrograph showing electrical activity along twin boundaries 
In laser recrystalllzed RTR silicon. 

(b) Higher magnification EBIC micrograph of area shown in (a). 

3. EBIC micrograph of electrically active defects in twin boundaries. 

U. HVTEM micrographs of part of the area shown in EBIC micrograph of 

Figure 3. g: diffraction vector. 

5. HVTEM micrographs showing degrees of precipitation at dislocations (a) 
"cleeui" dislocations (b) decorated dislocations (c) pinned dislocations. 

6. H^/TEM micrographs of stacking faults connecting twin boundaries (a) 
stacking faults in contrast (b) twin boundaries in contrast. 

T. EBIC micrograph of "pairs" of electrically active defects. 
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II) DEFECT STRUCTURE OF WEB SILICON RIBBON 


ABSTRACT 


Web silicon ribbon has recently emerged as a material for the production 
of high efficiency solar cells. Since defects introduced during growth may 
influence locally minority carrier re~ mbination rates, there is now a need to 
examine the defect structure in detail ajid to correlate it with "electrical 

, I 

activity". This work describes initial observations made on web material by I 

L3IC and HVD^. 

Although EBIC investigations have shown that dislocations emerging at the 

web surface enhance minority carrier recombination rates, their density is low 

5 -2 

enough (typically 10 cm ) to have only a small effect on the efficiency of 
the material as a .'olar cell . Since a condition for dendritic web growth ic 
that the dendrites contain at least two twin boundaries it is usual to find 
that some of these boundaries extend into the web. These boundaries are formed 
parallel to the (ill) growth surface and are found to be sites of strong elec- 
trical activity. 

HVEM has been used to study the defect structure at the twin boundary. 

Two types of dislocation networks lying on different (111) planes have been 
observed, presumably corresponding to two adjacent twin boundaries. One network 
consists of an hexagonal array of twin boundary partial dislocations interacting 
with Lomer-Cottrell locks. The other network is made up of both perfect and 
partial dislocations running in the [2ll] growth direction. 

I 


4 



1. Introduction 

The growth of silicon ribbons by the dendritic web process was first dis- 
cussed by Dermatis and Faust(l) and O'Hara and Bennett(2) in the early 1960's. 

The current Interest in silicon web is due to its potential use as a substrate 
material for the economic production of high efficiency solar cells. Seldenstlclcer( 3) 
has shown that the characteristics of solar cells fabricated from dendritic web au*e 
virtually Identical to those made from the more commonly grown Czochralskl material. 

Since crystalline defects in semiconductor materials frequently affect the 
electrical properties, e.g. minority carrier lifetime, the structure and electrical 
activity of the defects in silicon web were the subjects of the present investigation. 

This report summarizes the results of a preliminary study of two Westinghouse 
dendritic web samples, identification numbers Wl80-3.**C and J135-3-6. 

2. Experimental Techniques 

Optical microscopy of chemically etched specimens was used to determine dis- 
location densities. Sample* were mechanically polished, then Secco(i*) etched for 
approximately 3 mins. 

High voltage transmission electron microscopy (HVTEM) was used to character- 
ize the crystallographic nature of the defects. The twin planes in web material 
are parallel to the surface (and at or near the center of the ribbon). The web 
thickness is only ''*150ura and, for this reason, it is difficult to prepare a 
specimen for TEM where the twin boundaries can be viewed end-on. Specimens for 
the present Investigation were therefore thinned as symmetrically as possible from 
both surfaces with HHO ^ :HF:HAc (5:1:1) until a hole with tapered edges was formed. 

The centrally located twin boundaries were, however, generally not contt ned in 
the very thin (d ^ 0.5ym) annulus around the hole that can be inspected by 
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conventional (100 keV) transmission electron mici’oscopy. The use of a high 
voltage microscope (l MeV) with its large penetrating power of several um 
proved to be essential to image the twin plane or planes at the approximate center 
of the ribbon. 

'Tie electronic properties of the material were studied using a scanning 
electron ''.icroscope (SEM) operating in the EBIC mode (electron beam induced cur- 
rent). Ii. this node the electron beam is used to inject minority cs riers which 
are collected at the specimen surface to form the EBIC image. At regions of en- 
hanced minor: v :ari ier recombination the collected current is less than at defect 
free regions. The imaget. i these points therefore appear dark in the EBIC micro- 
graphs. 

Finally, a multi-wire, real time Laue back reflection x-ray csimera was used 
to determine twinning relationships in a variety of unthinned web material. 


3. Results 

a. Web-Dendrite Geometry 

The crystallographic orientation of the web and dendrites is shown 
schematically in Figure 1. The dendrites must contain at least two planes before 
dendritic growth of a diamond lattice structure can occur(3) and, although it is 
not necessary, it is common to find some of these twin planes extending into the 
web. Both the Wl60-3.^C and J135-’i*6 webs were Laue x-rayed to determine, the 
orientation relationship between opposite growth faces. Figure 2 shows an x-ray 
pattern taken with the beam striking the Wl80-3-^C web end-on. The (ill) twin 
relationship between opposite faces is evident showing that the web contains an 
odd number of twin planes. X-ray patternc from the J135-3.6 web determined that 
this sample contained an even number of twin planes. 





b. Defects at the Web Surface 


Silicon web J135-3.6 was etched and optical micrographs taken at 
various positions across the surface. These are shown in Figure 2 together with 
a sketch of the web surface indicating the areas corresponding to the micrographs. 

Figure 3 (j) shows the relationship between position and etch-pit density. The 

5 U 

density is a/5.10 in the center of the web dropping to ''/5-10 at the edges. It 

is generailly accepted( 5,6) that most of the dislocations in silicon webs originate 

from highly strained regions in the dendrites, caused by liquid entrapment during 

growth. Such a region is shown in Figure U, with the slip plane traces clearly 

visible. The maximum of about 5-10 dislocations per cm observed in Figure 3(j) 

is due to thermal stresses generated during growth causing most of the dislocations 

to slip into the center of the web. If the stresses generated at a dislocation 

source are insufficient to promo ■ e slip, then these dislocations will remain at 

regions close to the dendrites. This explains the secondary maxima observed in 

Figure 3( j ) . 

Figure 5 shows an EBIC micrograph of the web surface. The dark spots on 
the micrograph are caused by eniianced minority carrier recombination at disloca- 

■ * V 

tions inclined to the surface. The density of electrically active defects observed 
in 2BIC is the same as the etch-pit density observed in optical microscopy, sug- 
gesting that most, if not all, of the dislocations inte-x'secting the web surface 
are electrically active. Solar cells with relatively high efficiencies have been 
fabricated from silicon web containing dislocation densities of the order of 
magnitude observed in the present study(T), indicating that either the electrical 
activity associated with these defects is not strong enough to significantly detract 
from cell performances or that the defect densities are at a tolerable level. 
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c . Electrical Activity at the Twin Planes 

The electrical activity of the twin boundaries was studied by beveling 

i 

and polishing a specimen (J135-3.6) at a shallow angle. 1-2°, to the growth sur- 
face. EBIC, see Figure 6, shows that a high density of dislocations is concentra- 
ted at the twin boundaries and that in this region strong minority carrier recom- 
bination processes occur. It is thoiight that the thermal stresses generated dur- 
ing growth also cause dislocations to slip to the interior of the web, where the 
twin planes act as obstacles to further slip processes. Figure 7 is an optical 
micrograph of the same area as the EBIC image after the specimen had been etched 
to remove the Schottky diode and delineate the defect. As in the case of disloca- 
tions at the web surface, there is a close agreement between the density of dark 
EBIC features in Figure 6 and the optical etch pit density in Figure 7. A direct 
correspondence between Figures 6 and 7 is not possible since the etching process 
removes several pm of material from the surface. Both EBIC and optical micrographs 
show that two twin boundaries exist in the web, i.e., a microtwin, and that the 
dislocation density on one side of the microtwin is higher than on the other. 

The fine line marked A in Figvire 6 is thought to be a small angle grain 
boundary; however, this has not yet been confirmed. The width and contrast features 
are not typical of surface scratches normally visible in EBIC micrographs and the 
contrast is probably due to the surface topology rather than to an associated 
electrical activity. Laue x-ray diffraction patterns from either side of the 
line failed to reveal any difference in orientation, indicating that, if the ob- 
served feature is indeed a low-angle boundary, the mismatch is <1°. Similar 
features have been observed by the authors in other web specimens where they are 
visible on the surface faces. 


S i 
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Figure 8 shows an EBIC micrograph taken from silicon web material liTL80-3.^C, 
where the dislocations are almost surface parallel. The dislocations are centered 
around the active boundary shown in the middle of the micrograph. This is probably 
a twin boundary which has been forced out of the web during growth. The disloca- 
tions associated with it are also strongly electrically active. 

d. Defect Structure at the Twin Planes 

Previous investigators(8) identified the defect structure of twin 
boundaries in silicon web as complicated arrays of dislocations displaying <110> 
Bui'gers vectors, with the dislocation lines primarily directed along [2ll] and 
<110> directions. The present study has confirmed the existence of these dis- 
locations and in addition has identified ^ -o rets of misfit dislocations. Figures 
9(a) - 9(d) are HVEM micrographs of web J135-3.6 showing an hexagonal array of 
twin boundary dislocations imaged with different diffraction conditions. From 
contrast analysis the Burgers vectors of these dislocations were determined as be- 
ing cf the <211> type. Each set can be extinguished by using the appropriate 
{220} reflection. The observed Burgers vectors a^e in agreement with the prediction 
of the Bollman theory(9)> that intrinsic dislocations in coherent twin boundaries 
are Shockley partials, b = l/6<2Jl^>. These dislocations take up a small twist com- 
ponent in the (ill) twinning plane. The twin relationship could be easily verified 

|b| 

from selected area diffraction. The twist component estimated from 0 = -*--7^ is in 

d 

the order of 0.01° and is therefore too small to be detected by electron diffraction. 
The second set of misfit dislocations. Figure 10, consists of slightly curved 
dislocations running in the [2II] direction. They are also contained in a (ill) 
twin plane and take up a small tilt component. Most of these dislocations are 60° 
partials having Burgers vectors = 1/6(121], all of the seme sign of b as revealed 
by ■’■g* -6» while others are perfect dislocations with Burgers vectors of ^[oll ] , 90° 



Based on the original Microfiche, multiple pages appear to be 

missing from this document 
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and 30°. The diffraction vector in Figure 10(6) was chosen such that 

the partials were out of contrast. O'Hara and Schwuttke, using a large area 
scanning oscillator technique (SOT) identified the edge and 30° perfect disloca- 
tions but did not resolve the 60° partials. They also reported dislocations with 
Burgers vectors [lOl] and [llO] type lying in the [2ll] direction, although they 
also noted that such dislocations should not slip readily, as opposed to the ones 
reported above. 

Figure 10 also shows straight dislocations running in the <110> directions, 
and part of an hexagonal network similar to that shown in Figure 9. Stereo micro- 
graphs show that these dislocations are not contained in the same (ill) plane as 
the curved dislocations and must therefore belong to another twin plane, i.e., 
the other side of a microtwin. A strong interaction occurs between the disloca- 
tions running in the <110> directions and the network of partials. The straight 
dislocations have <110> type Burgers vectors and are edge sessile. They form 
when dislocations slipping on either (ill), (ill) or (111) planes intersect 
dislocations in the twin planes and form Lomer sessile dislocations. O'Hara and 
Schwuttke proposed that the reaction for dislocations slipping on the (111) plane 
would be 

% a [Oil] + ^ a [lOl] = h a [llO] 

(ill) plane (111) plane Lomer dislocation 

The ^ a [llO] Lomer dislocations, shown in Figure 10, lying along the [llO] 
direction, can then dissociate into a Cottrell-Lomer lock by the following reaction. 
h a [110] = 1/6 a [112] + 1/6 a [llO] + 1/6 a [ll2] . 

It is likely that the dissociated partials are responsible for the interactions 
with the hexagonal network. 





I 


Similar reactions occur for dislocations slipping on the (ill) and (ill) 
planes with the resulting Lomer dislocations having Burgers vectors ^ a [Oil] 

f 

and h a [lOl] and line directions [Oil] and [lOl] respectively. Whereas O'Hara 
and Schwuttke identified dislocations directed along [llo] and [lOl], the present 
investigation has identified Lomer dislocations lying in all three of the <110> 
directions contained in the (ill) twin plane. 

In both the etch and EBIC studies it was noted that the dislocation density 
was higher on one side of the microtwin than on the other. The HVEM studies have 
also shown that most of the dislocation reactions occur on one of the twin planes. 

It is likely that an inhomogeneous stress distribution is present in the material 
during growth, e.g. by buckling of the web. 

4 . Conclusions 

The present study has shown that the defect structure in silicon web enhances 
minority-carrier recombination rates. The dislocations in the bulk of the material 
are electrically active. Empirically it is known that this activity does not 
significantly reduce the characteristics of solar cells. Since complete devices 
have not yet been investigated it is not known if the defect density is simply 
too low or if annealing reduces the electrical activity of dislocations(lO) . The 
surface parallel twin boundaries typical of this material are associated with a high 
density of dislocations. EBIC shows that these dislocations are sites of high 
minority carrier recombination and a reduction in solar cell efficiency is there- 
fore expected when twin boundaries lie in the active region of a solar cel] . ^ 

The defect structure of the twin planes has been investigated using HVEi. and 
several dislocation-types not previously reported in this material have been identified. 
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FIGURE CAPTIONS 

1. Schematic showing the crystallographic orientation of web-dendritic silicon. 

2. Back reflection Laue x-ray pattern showing twin relationship in web material. 

3. Optical micrographs of etch pits. 

U. Optical micrograph of a dislocation soiirce. 

5. EBIC micrograph of a web surface. 

6. EBIC micrograph of a bevelled surface showing electrical activity near twin 
boundaries . 

7. Optical micrograph of same region as shown in Figure 6. 

8. EBIC micrograph of surface-psurallel dislocations. 

9. HVTE!-! micrographs of a dislocation network. g: diffraction vector. 

10. HVTEM micrographs (see text for details). 
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Figure 1 Schematic Section of Keb Growth 


(Aftor Duncan et al. -''Silicon .'eo frocess Develoorsnt" , XZ/oTL 
Report I:o.95U65U-7^A (1570. 




Figure 2 Laue Z-ray p-^ttem 
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Xn)'DBFBCr STRUCTURE OF EFQ 8ILICOI RIBBOl 


ABSTRACT 

The defect structure of EFG rlbboos has been studied using EBIC, TEM end 
STEM. By Inaging the same areas in EBIC and HVQ( a direct correlation between 
the crystailographic nature of defects and their electrical properties has been 
obtained, (i) Partial dislocations at coherent twin boundaries nay or nay not be 
electrically act ire. Since no microprecipitates were observed at these dislo- 
cations it is likely that the different electrical activity is a consequence of 
the different dislocation core structures. (11) 2nd order twin Joins were observed 
which followed the same direction as the coherent first order twins nomally 
associated with EFO ribbons. These 2nd order twin Joins are in all cases strongly 
electrically active. 

EFG ribbons contain high concentrations of carbon. Since no evidence of 
precipitation was found with TIM it is suggested that the carbmi may be incorporated 
into the higher order twin boundaries now known to exist in EFG ribbons. 


1. imODUCTIOIf 


Rapid progr«8i has recently b««n aad« in th« production process of ed^e defined 
filB-fed growth (EPO) silicon /!/. E7G ribbon is a prcsiising material for the production 
of inexpensive solar cells and therefore an understanding of the relationship between 
the crystallographic nature of the defects and their electrical proi>ertie8 is desirable. 
This Information can then hopefully be used to siodify the ribbon growth process to re- 
duce the density of defects irtiich decrease the efficiencies of solar cells. 


After a summary of the characteristic defect structure of various EFG silicon 
ribbons, results are presented which were obtained by correlating EBIC measurements 
and HYEM observations on selected defects. 

2. EXir’ERIMZHTAT. TECHNIQUES 

The electrical properties (i.e. enhanced minority carrier recombination) were 

investigated in the scanning electron t roscope (SQf) operated in the electron beam- 

induced current (EBIC) mode. Schottky d..odes were produced by evaporating a thin film 
o 

of A1('^500A) onto me surface /2/. EBIC images exhibit dark contrast at defects which 
act as recombination sites for minority carriers, with an EBIC resolution of 'v<l-2ijm. 
The EBIC technique can be extended to obtain q;uantitatlve Information. The collected 
current can be measured as a function of specimen co-ordinates allowing the determin- 
ation of 'recombination efficiencies' of specific defects /3/, minority carrier 
lifetime /k/ and trap level measurements /5/ are possible using high speed beam blanking 
techniques. These extensions of the EBIC technlqjue are currently being introduced. 

Defect structures were investigated by transmission electron microscopy (TEM). 

To obtain unbiased observations, specimens were broken off the ribbons at random, ground 
to a thickness of 'U30um and thinned for TEM exmalnatlon by ion beam milling. Subsequent 
investigations were carried out in a Siemens Elmiskop 102 operating at an accelerating 
voltage of 125 kv (conventional TEM, CTEM). 
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To corrolatt •Xoctrlcal aod tttlMtural proptrtico of doftets, aro&i v«r« 

■«l«ct«d and maiipad out In EBIC. Spociaons 3na In dloMtor war* th«n cut out 
fron tho ribbon and lon-millad from tha baek-sida (vlth tha Sehottky-dlodao at 111 
at tha aurfaca) until the araaa of intaraat vara contalnad in tha elactron trana- 
parant raglona. Thaaa apaclaana vara aubaeq;uantly axaolnad In a hlgh^voltaga 
alactron microacopa (EVIM) oparatlng at an accelaratlng voltaga of IMV. Wmn haa 
tha foUovlng advantagaa ovar CTZM baca\iaa of the high penetration povar of highly 
accelaratad alactrona (aevaral ua aa cooparad to 0.5 vbb in CTEM): 

(i) The probability of finding the defacta, prevloualy mapped by ESIC, 
in the large tranamittable area ia high. 

(il) Extended defects such aa tvin or other grain boundariea can eaaily be 
traced over long distances. 

(iii) The volumes Investigated by HVIM and by EBIC are comparable. 

Difficulties arise vhen comparing EBIC and HVEM micrographs because of the large 
difference in vorking magnifications (SQf-EBIC typically l,000x, HVEM typically 10,000x). 
The comparison is facilitated by utilizing permanent surface marks, such as scratches, 
or etched topological features. In addition a series of low magnification EBIC micro- 
graphs (lOx, 50x, 200x) helps to locate the areas of interest. 

A brief discussion of the advantages of the present technique for the electrical 
characterization of defects, may be found in /6/. - 
3. IHVESTIGATED ETG RIBBOHS 

The ribbons investigated in the present study are briefly described belov: 

1) JFL identification #5-871 run 18-112-1, 'small grain'. Displaced die, 
growth speed 3.0-3.U cm/mln. Undoped. 

2) JFL identification #5-866 run 16-I63, 'small grain'. Displaced bulbous 
ended die, growth speed 3.1 cm/mln. Boron doped, resistivity 10cm. 

3) JPL identification #5-1158. 'Large grain'. (reduced ATfiov). 

U) Mobil Tyco supplied. .. 'large grain* ribbon, (reduced ATfiov). 

U. CHARACTERISTIC DEFECT STRUCTURE OF EFG 5ILIC0H RTpBQltp 
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Similar ftaturai vara obaarrad in all of tha EPr> rlbbona axamlnad, tha only 
diffaranca balnf tba aomla of tha dafaota (a.g. 'larga* and *aamll' grain). Flga. 1(a) 
and (b) ahov typical atcb pattama, vhlch taara alraady baan daaerlbad (a.g. /7/to/lO/). 
Only a brlaf daacrlptlon vUl tharafora ba glran hara, with aaphaala on faaturaa vhlch 
ara Intarastlng In connactlon vlth tha corralatlon vork raportad In Saetlon 

On a larga acala tha obaarvad pattam la ganarally Inhoaoganaoua , on a aaall 
acala, hovavar, fraqinantly honoganaoua. Plgura 1(a) ahova an araa of parallal atrl- 
at Iona, vhlch ara ganarally attrlbutad to tha praaanoa of tvln boundarias. (aaa 
Saetlon 5 for a datallad dlacuaalon). At tha top of Flgura 1(a) la a raglon contain- 
ing a high denalty of dlalocatlon atch pita. It ahould be noted that tha denalty of 
dialocatlona varlea appreciably froei region to region. Whereaa Figure 1(a) repreaanta 
the 'atandard* defect atructura (i.e. eqvlUbrluia atrueture', a.g. /U/) vhlch la 
frequently diacuaaed, Flgura 1(b) ahova an example of a aiore complicated pattern. 

Araaa auch aa thla vere found on all of the rlbbona and corered appreciable arena of 
the aurfaee. Tha irregularity In Figure 1(b) la caused by reactlona betveen grain 
and/or tvln boundarlea and by an Inhomogeneoua dlatrlbutlon of dialocatlona. In 
aereral reglona the dislocation etch pita are aligned along crystallographic directions 
suggesting that the dislocations had been generated by plastic processes (dee Section 5). 

The orientation of the grains at the surface varies ; in order of falling frequency 
{110}, {112} have been found, in partial agreement vlth earlier vork /12,13/. 

An example of the variation in grain orientation la shovn In Figure 2. Orientations 
are given vlth respect to the growth direction. 

U.2. EBIC 

Fig\ire 3 la a lov magnification EBIC micrograph shoving the distribution of elec- 
trically active defects. In the upper part of the micrograph contrast lines apparently 
due to grain boundaries ara visible. In addition black dots due to active dislocations 
are randomly distributed throughout the aiatrix. [Figure b is a higher magnification 
micrograph of the area described above.) Most of Figure 3 consists of almost hori- 
zontally aligned boundaries, some of these very dark (shoving strong electrical 
activity), some veak in contrast or exhibiting 'dotted* contrast. Figure 5 shows an- 
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other example of dotted EBIC contrast where the effect is more pronounced. We will 
show in Section 5 that this pattern is related to the twinned structure of the material. 
Such a relationship was earlier Inferred from comparison of etched surfaces and EBIC 
micrographs 111 and by independent observations of twins in TEM /lO/. An exact anal- 
ysis, however, requires direct correlation between EBIC and T£W, as presented in 

Section 5- 

U.3. TIM 

Twins with a {ill} habit plane occur with a high frequency and are therefore 
generally observed by TEM. A typical twinned structure is shown in Figure 6. The 
thicknesses of micro-twins may vary from a few layers of {ill} planes up to tens of 
microns (which of course means single twin boundaries are observed in TIM) . A micro- 
twin five layers thick is revealed by structural imaging in Figure T. The 'small 
grain' ribbons contain a high density of microtvins (e.g. Figure 6) with thicknesses 
up to several 100 nm. 'Large grain' material contains isolated twin boundaries spaced 
several um apart, resulting in a more proportionate distribution of 'twinned' euid 
'matrix' material. 

Twin boundaries may contain partial dislocations (twin boundary dislocations) the 
density of which can vai'y from boundary to boxindary. No relationship between twin 
boundary dislocation density and ribbon type has been found. 

Results concerning the carbon content 

Graphite dies are used in EFG ribbon growth. Two consequences 
result from this technique: (i) S iC - particles are present at the ribbon surface 

(e.g. /3/) and (ii) a high density of carbon ('^10^® - lO^^co"^ /ll/) is incorporated 
into the silicon material. 

EBIC has been used to investigate the electrical activity of the defect structure 
nucleated at Stc particles. Figure 0 shows a typical arrangement with a high density 
of black dots, corresponding to dislocations, and a number of twin boundaries. Ex- 
cept for this high density of defects no other unusual effects were observed. This 
is particularly interesting since an excess of carbon may be expected near a SiC 
particle, thereby enhancing any carbon- induced impurity segregation. Such a segre- 
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gat ion Is expected to cause increased minority carrier recombination. However, in 
the present study, the electrical activities of the defect structure near SiC particles, 
and of the 'equilibrium structure' are not noticeably different. 

Recently a ribbon giowth model was proposed to account for carbon concentrations 
above the solubility limit /I 5/. The model assumes eutectic growth and directional 
solidification of the ribbon, which leads to lamellae of a silicon-carbon 'phase' 
embedded in a carbon rich silicon matrix. Such a structure should give rise to 
special contrast effects in TEM. If the silicon -car bon phase is not coherent with 
the silicon matrix, which is likely due to the difference in the bond lengthsof silicon 
and carbon atoms, strain contrast effects should be obsejrved, at least at irregular- 
ities of the lamellae. Moreover, interference patterns, e.g. Moire fringes, and/or, 
in the case of a long range order, diffraction effects would be expected. None of 
these effects has been observed in this study. 

5. CORRELATION OF EBIC WITH HVIM OBSERVATIONS 

Figure 9(c) shows part of an EBIC micrograph exhibiting a row of dots similar 
to those seen in Figure 3. Figure 9 (a) is a HVm micrograph of the same area. A 
compeirison of Figure 9 (a) and (c) confirms that the dots mark the trace of a micro- 
twin approximately 200 nm thick, the boundaries of which are visible in fringe 
contrast. This microtwin is imaged in Figure 9 (b) with its boundaries invisible, 
revealing that pai-tial dislocations are contained in both boundaries. A comparison 
of EBIC and HVEM micrographs shows a one to one correspondence between dots and 
dislocations. Ignoring the central spot for the moment, the EBIC dots have similar 
contrast and correspond to individua’ slightly curved dislocations. Diffraction 
contrast analysis reveals that the dislocations differ in Burgers vector (of type 1/6 
<112>), and that their character is not of simple 30° or 90° type. These obsei-vat ions 
suggest that the dislocations are comparably effective sites for the recombination of 
minority carriers, irrespective of their crystallographic character. The central dot 
in Figure 9 (c) arises from the combined effect of a group of 3 partial dislocations 
which are too closely spaced to be resolved by EBIC. ('V'l-2vim). 


Figurt 10 (a) shows another example of dots in EBIC contrast. These dots, 

\ 

though similar to those shown in Figure 9 (c) are caused by a totally different 
structure. Figure 10 (b) is an etch pattern from the same arec , showing that the 
observed contrast in Figure 10 (a) is due to the interaction of boundaries. The 
nature of the boundaries was determined by As an example the area encircled 

in Figure 10 is shown in Figure 11. A three dimensional sketch of this area 
clsLrifying the relationships between the different areas is given in Flgxire 12. 
Analysis shows that T^^ is a microtwin 'ulOOmm thick, lying in the matrix M perpen- 
dicular to the growth surface. T 2 is in a different twin orientation to the matrix 

M with an inclined {ill} - habit plane. Thus the boundary between and Joins two 
crystal grains '.dth a misorientation caused by two non-parallel tvinning operations. 

The geometric construction is depicted in Figire B, projected along the <110> di- 
rection common to all three grains. Boundaries of this type have been termed 'second 
oi^er twin Joins' by Kohn / 16 / and are Z9 boundaries in the CSL model /17/. In the 
present case the {ill} plane of T^ matches a {115} plane of T 2 * This unsymmetric 
configuration has been modelled by Kohn /I 8 /, yet has not been obser"/ed so far to 
the author's knowledge. The dislocation model discussed by Hornstra /19/ could 
also be extended to describe this uns:,Tmnetric case, but would require a very high 
density such that the dislocation core regioiB would overlap. In Figure 11 (b) the 
specimen was tilted to show the boundaries of the microtwin T^. Dislocations that 
are contained in the {Ill}/{115} boundary are clearly visible. These dislocations 
accommodate a small deviation from the {Ill}/{115} orientation relationship and are 
coonnonly referred to as extrinsic bourdary dislocatioiB /20/. The Burgers vectors of 
these dislocations have not been analyzed. 

Figure lU shows a contrast experiment to determine the character of the partial 
dislocations present in the boundaries T 2 /M. The specimen was tilted until these 
boundaries were almost perpendiculeu* to the incident electron beam, allowing on easy 
determination of the crystallographic direction of the straight dislocation lines. 

The Burgers vectors were found from standard contrast analysis /21/. The dislocations 
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analyied wer« Shockley partlals of either 30® or 90® type, examples are indicated 
in Figure ll* (c) . 

The comparison of the HVE-! micrographs (Figures 11 and I**) with the corresponding 
EBIC pattern (Figure 10) gives the following resiilt: (i) Th« black dots in Figure 10 

(a) correspond to the {lll}/(ll5) second order twin Joins, which therefore represent 
efficient sites for minority carrier recombination, (il) The straight 30® and 90® 
partial dislocations show no contrast in EBIC (although etched in Figuie 10 (b)) and 
thus are virtually electrically inactive. 

6. DISCUSSION 

In recent years a large number of experimental results on the dislocation core 
stmcture in tetrahedrally co-ordinated semiconductors has appeared (e.g. /22/). 

High resolution electron microscopy has revealed the presence of dissociated and 
constricted perfect dislocations (e.g. /23, 2V). Dislocations introduced by plastic 
processes are generally dissociated 1221 and are, since dissociation is difficult to 
envisage on the shuffle-set, therefore assigned to the glide set (e.g. /22/). Indications 
for the existence of "shuffle set" dislocations /25/ in Ge, suggest that such dislo- 
cations also may exist in Si. Transformation from one set to the other can occur by 
the addition or removal of rows of point defects / 26 /; experimental evidence for such 
a process exists (e.g. /2U/). 

Theoretical models for dislocation core structures were first developed by Hornstra 
/27/, and these models have been extended and refined to include bond reconstruction 
(e.g. /23/). The electrical properties of dislocations with different core structures 
are likely to be different. 

Experimental results obtained by combining EBIC with iT/TIM will contribute to the 
discussion of these various models. 

6.1. Dislocations at coherent twin boundaries 

In the present investigations dislocations were obsei-ired with apparently two different 
levels of electrical activity: dislocations giving rise to an EBIC contrast. Figure 

9 (c), and dislocations with no, or at least considerably lower electrical activity. 
Figure 11. Confirmation of these obser'/at ions is required before a detailed inter- 



pr«tation of the nature of dialocatlons can be preaented. It is however interesting 
to speculate about the possible significance of the present results, with regau*d to 
the formation and core structures of dislocations. 

The simplest approach to correlating crystallographic and electrical properties 
is to reduce the number of applicable models. To this end the present investigation 
is concerned with single partial dislocations and therefore the question of whether 
the dislocation is dissociated or constricted (as present with perfect dislocations) 
does not aurise. 

It is conceivable that the core structure of a dislocation will depend on how 
the dislocation is generated. The present observations, that the electrically 
active dislocations do not follow <110> directions, and are in fact sometimes curved, 
and that the non-active dislocations are aligned along a <110> Peierls valley, tends 
to support this view. During growth of EFG ribbons there are two temperature ranges 
in which dislocation generation processes may occur. During solidification, when 
diffusion can occxu:, twin ooundaries grow and can accomodate partial dislocations by 
atomic steps in the boundaries. At lower temperatures thermal stresses are relieveu 
by plastic processes and these dislocations can react with twin boundaries, in which 
case the lattice dislocatiors dissociate into twin-boundary partial dislocations. Dif- 
fusion plays only a minor role in this case. Whether a distinction between grown- in 
and deformation induced dislocations is possible and what type of dislocations are 
formed by each process has yet to be determined. 

6.2. The {ill} { 113 } second order twin Join 

Ihe present study has shown that the detected {ill} (115) second order twin Join 
is strongly electrically active. Since extrinsic dislocations are contained in the 
investigated boundary it cannot be explicitly stated that the electrical activity is 
an intrinsic property of the boundary. However considering the complicated arrange- 
ment of atoms and bonds at the boundary (e.g. Figure 13) it is likely that the extrin- 
sic dislocations have only an additional effect, if at all, on the electrical activity. 

Since the second order twin Join is confined to the {ill} matrix planes it is of 
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coniiderable interest the discussion of the so-called equilibrlvss structure /ll/ 

of EFG (and comparably grovn) ribbons. This structure has been identified from etch 

investigations to be generally present in EFG ribbons and to consist of parallel 

coherent twin boundaries which extend on (ill) matrix planes along the growth direction. 

Consequently, -ce a second order twin Join is formed on a (ill) matrix plane it can 

extend over long distances parallel to the equilibrium structure wichout further 

reactions. Second order twin Join therefore have to be regarded as an Inherent part 

of the defect structure of EFG ribbons. Thus the equilibrium structure consists of 

a large number of electrically Inactive coherent twin boundaries intermingled with 

electrically active second (or even higher) order twin Joins. This conclusion is 
consistent with thus far unexplained EBIC observations (e.g. /3, lO/, that only some 

of the linear boundaries reveaded by etching are electrically active. 


6.3. CARBON DISTRIBUTION HI EFG-RIBBONS 

It has been foiind that the grain size of EFG ribbons generally decreases vith 
increasing (overall) carbon concentration /15/. Since this concentration is beyond 
the carbon solubility limit in silicon the distribution of C has to be considered. The 
present experiments give no indication for a lamellae tvo-phase structure as suggested 
in the •utectic growth model /15/. The TfW observation of {115) (ill} second order 
twin Joins suggests the possibility that the carbon is preferentially incorporated 
into such Joins, as well as into higher order twin and other grain boundaries. 

This explanation seems reasonable since the atomic arrangement at these boundaries is 
considerably disturbed (independent of the model used to describe the Joins) thereby 
allowing the incorporation of a high density of carbon atoms. The correlation-higher 
carbon concentration smaller grain size is natural in this context since decreasing 
grain size increases the possibility of twin boundary Interactions. How an Intentional 
increase In the concentration of Incorporated carbon atoms (by changing the growth condi- 
tions of the EFG ribbon) causes mor** boundaries to form, and how the carbor atcras influ- 
ence the electrical activity of the higher order tvin Joins ar» topics of fut’ire research 


CONCLUSIONS 


The correlation of HVTEM and EBIC is a valuable tool for the investigation of 
the defect structure cf semiconducting materials, e.g. EFG ribbons. 

The existence of the { 115 } (ill} second order twin join has been proven for the 
first time. It may occur relatively frequently in the ribbon due to twin boundary 
interactions and lies along the same direction as the first order twin boundaries. 
The {115} {111} twin Joins were observed to be electrically active, whereas 
coherent {ill} {ill} twin boundaries were inactive. 

Partial dislocations at coherent twin boundary car: be electrically active. No 
microprecipitates were observed at these dislocations suggesting that the electrical 
activity is not impurity controlled but a consequ-. nee of the dislocation core 
structure per se. 

It is suggested that the carbon atoms present in EFG ribbons in high concentrations 
are preferentially adsorbed to the higher order twin joins. 
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nOtJRE CAPTIONS 


1. Optical micrographs of etched ribbon surface Ribbon #2. j 

I 

2. Optical micrograph of ribbon surface shoving variation in grain orientations. t ^ 

Open circles mark areas analyzed by Laue X-ray and also orientations vith 

respect to standard 001 stareographic projection (Courtesy of F. Stafford). 

3. EBIC micrograph of typical EFG structure. Ribbon #2. 

U. Higher magnification EBIC micrograph of area at top right of Figure 3. 

5. EBIC micrograph showing dotted contrast along linear boxindaries. Ribbon #3. 

6. TiM micrograph (125 kv) of microtwins in E.F.G. ribbon. Ribbon #1. 

7. High resolution structiaral image of a microtwin five atomic layers thick. ^ 

(125 kv). 

8. EBIC micrograph shoving contrast near a SiC peurticle. Ribbon #U. 

I 

9. a) Bright field HVEM image of a microtwin containing dislocations, b) Same | 

area with twin out of contrast, c) EBIC micrograph from the same area, g = j 

diffraction vector - Ribbon 0k. j 

10. a) EBIC micrograph showing dotted contrast, b) Optical micrograph of the I 

same area showing interaction of microtwins. Ribbon #2. 1 

J 

I 11. a) Bright field HVJM micrograph of twin boundaries shown in Figure 10. 

J b) Same area with one set of twin boundaries out of contrast. 

I 

12. Schematic sketch of the arrangement of twin boundaries shown in Figure 11. 

13. Projection along the common <U0> direction of twins indicated in Figure 12 
showing the arrangement of atoms at the (111) (115) twin Join. 

i 

lU. HVIM micrographs of the same area as Figure 11. These were used to determine s 

the nature of the dislocations in the twin boundaries, examples of which are 
marked in c ) . 
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ABSTRACT 

The diffraction effects e^.pected from the periodic structure of 
twist boundaries in Si vere determined by an examination of the reciprocal 
lattice of these boundaries. Methods of analysis were developed to dis- 
tinguish between the real diffraction spots due to the periodic boundary 
structure and those due to double diffraction effects. The electron 
microscope images from the boundaries studied in Si bicrystals frequently 
vere complex and contained Moire fringes \rtiich provided no information on 
the actual boundary structure. By analyzing the electron diffraction 
patterns from these botmdaries for the presence of new diffraction spots 
it was possible to show that the El [OOl], El [ill] and E3 [ill] twist 
boundaries examined have a periodic structure. 
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1 . Introduction 

Recently Foil and Ast (1979) reported the results of a transmission 
electron microscope study of the structure of tvist and tilt hoiandaries in 
silicon bicrystals which had been produced by hot-pressing single crystal 
chips of silicon. The pressure-sintering technique allows systematic studies 
to be made of well-characterized boundaries *<diere, for example, the boundary 
plane is fixed and the misorientation angle is varied. This techniqxie vaa 
first developed for gold bicrystals by Schober and Balluffi (1969* 1970), but 
unlik e the boundaries in gold which are parallel to the surface of the thin 
foil, those in silicon are cut to be inclined or normal to the foil surface. 
gEhe boundaries in gold can be made to rotate to the edge-on orientation 
(Schober and Balluffi (1971)) or be prepared in this orientation (Cosandey, 
Komem and Bauer ( 1978 ) ) . ] 

Foil and Ast showed that gTnfti i angle twist boundaries in silicon consist 
of periodic arrays of screw dislocations ais observed iu the study of similar 
boundaries in gold. It was also observed that as the misorientation angle 
increased the visibility of the dislocation array decreased, as expected from 
diffraction contrast theory (Tholen 1970). Fringe contrast with spacings an 
small as 1.3 nm could be detected in the images of a LI [001] botmdary. 

Lattice fringe imaging suggests that such ima.ges are due to a Mo5j:e (inter- 
ference) effect and not to the actual boxindary structure. 

Carter, Donald and Sass (1979 ') have recently examined the geometry of 
the reciprocal lattice associated with an inclined grain bc’indary in a thin 
foil and demonstrated that the diffraction pattern from the grain boundary 
region can provide unambiguous information on the periodic nature of the 
bo-jndary. It was also shown that both the real extra reflections due to the 
boundary structure and the additional, spots in the diffraction pattern arising 
from double diffraction could give rise to misleading artifacts in the image. 



The present paper applies the electron diffraction technique to the study 
of the structure of three different types of tvist grain boundaries in 
silicon, namely Zl [OOl]; Zl [ill] and Z3 [ill]. In addition the study 
provides a start to the catalogiiing of diffraction effects characteristic 
of various types of known boundaries, for example, a twist boundary with a 
small superimposed tilt component. The aim of the latter part of this 
study is to facilitate the characterization of boundaries with unknown 
parameters using diffraction information. 

2. Experimental Techniques 

The bicrystals of sUicon were manufactured using the hot-pressing technique 
described by Foil and Af.t (1979). The technique is similar to that developed 
for gold by Schober Cind Balluffi and involves hot-pressing, at 1200°C and 
pressures of 'vl Mpa, two or more slices of silicon in a hydrogen atmosphere. 

The silicon ’jsed was n-type and the slices were polished to give a mirror 
finish. Specimens were prepared for electron microscopy by ctctting the bl • 
crystal(s) at an angle of 25 ° to the boundary plane. After chemical thinning 
or ion milling the specimens were examined using a Siemens Slmiskop 102 electron 
microscope operating at 125 kV. 

The majority of the observations ;rtilch will be discussed in this paper 
were made by tilting the specimen in the microscope so that the electron beam 
was nearly normal to the boundary plane. This is different from the approach 
ut J by Carter, Donald and Sass (1979)- where the foil normal was kept almost 
parallel to the electron beam. The current procedure has the advantage that 
no correction need be made in order to relate the periodicities observed in 
the image with those present in the boundary. Throvi^out this work the 
boundaries will be referred to as [001] or [ill] twist boimdaries 
to signify that the boundary plane is very close to the (OOl) or (ill) planes, 
respectively, although if a tilt component is present this will not strictly 


be the case. 


3* Experimental Results and Discussion 
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3.1 [OOl] Tvist boxmdaries 

3.1.1 Geometry of the reciprocal lattice 

The structure of a small angle [OOl] twist boundary is expected to con- 

^ . 

sist of two sets of orthogonal screw dislocations with Burgers vector, b = a/2 
<U0> and spacing, p, as shown schematically in Fig. 1 (a), where the foil has 
been tilted so that the electron beam is parallel to n, the normal to the bound- 
ary plane. The reciprocal lattice associated with such a boundary, which is in- 
clined to the foil surface, is shown schematically in Fig. 1 (b). The dislocation 
network gives rise to an array of relrods parallel to n, on a square lattice 
with spacing l/p, ^ich contains the matrix reflections [Guan and Sass (l9T3a,b)]. 
The boundary is the same as that considered by Gxian and Sass (l9T3a,b) except 
that m, the foil normal, is not coincident with n. Regions of the diffraction 
pattern close to the pairs of 2^0 and UOO reflections are shown in Pigs. 1 c 
and d respectively, for small values and different signs of the excitation 
error, s^. The spots labelled M^, Mg are associated with the two crystals and 
their positions relative to the related N^, Ng spots depend on the magnitude 
and sign of s : if the sign of s is reversed the M spots will move to the 
other side of their respective N spots, (it should be noted that for this 
geometry it is the M spot ^ich moves os s is varied and not the N spot [cf. 

s 

Carter, Donald and Sass (19T9)]. The misorientation angle is related to the 
spacing of primary dislocations in Fig. 1 (a) by the formula (Read 1953) 


sin 0/2 = |b| 


( 1 ) 


•\s the misorientation angle increases, the magnitude of p decreases, until it 
no longer is physically realistic to tala about Individual primary dislocations 
and p will be the 0-lattice spacing [Bollmann (19T0)]. 

In the next section it will be demonstrated that the ability to separate 
the N and M spots allows the extra spots arising from the periodic structure of 


A 


where the grain boundary is parallei to the foil surface, the , Ng and M^, Mg 
spots (J.vays superinpose, and because of this it is difficult to eliminate 
all possibility of double diffraction causing additional spots (Sass, Tan 
and 3alluffi, (1975); Sass and Balluf f 1 , (1976)). Carter, Donald and Sass 
(1979) demonstrated that double diffraction can be a factor even for inclined 
boundaries and can lead to the presence of spurious spots in many regions of 
the diffraction pattern. 

3.1.2 Double diffraction analysis 

Double diffraction becomes important when a strong matrix reflection, 
excited in the upper crystal, is rescattered by the lower crystal. In order to 
determine the new spots that can result from this process, it is necessai"/ 
to translate 000 to the positions of the strong matrix reflections, which act as 
new incident beams. When this is done, other matrix reflectious can be moved 
close to the Ewald sphere, resulting in new diffraction spots. In order to deter- 
mine the influence of this process on the observed diffraction pattern, it is 
necessary to examine the three dimensional representation of the reciprocal 
lattice for the inclined grain boundary shown in Fig. 2. 

In this figure the geometry of diffraction is shown for the [OOl] twist 

boundary in Fig. 1 (a). The situation illustrated is with the pair of 

220 reflections on the Ewald sphere (s =0). If crystal 1 is the upper 

g 

crystal then the 22o^ reflection can be rescattered by the lower crystal. 

To determine wha* new spots can result from double diffraction, translate 
000 to position 220^ as shown by the solid arrow; OUO^ then moves to super- 
impose on 220^, while OUOg moves to the position shown by the dashed 
arrow and yields spots and Njj. Since the reflections from the two 
crystals aind the grain boundary lie on the same reciprocal lattice (related 
to the coincidence site lattice [Sass, Tan and Balluffi (1975), Sass 
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and BaJLluffl (1976)]), reflection OUOg is moved to a position that is on the' 
square reciprocal lattice of the boxandary. If that ppsition is cut by the 
Erfald sphere such that s^# 0 then it can easily be seen that if and Mj^ are 


both present, it is not possible to decide if N_ is real. Also vhen s » 0, 


Mj^ and s\iperiapose and it is not possible to decide if the observed spot 


is real or due to double diffraction. If, however, when 0 the spot 


is observed to occur without an accompanying spot, then it must be real 
l.e. associated with the grain boundary structure. It can thus be seen that 
double diffraction can produce arrays of relrods parallel to n and m, that 
yield spots lying on two lattices, one containing and (called the M 


lattice) and the other containing and Ng (caJJ.ed the N lattice). The real 


grain boimdary relrods, which are parallel to n, will yield spots that lie 
on a lattice conteiining and Ng- It is the presence of additional spots 


on the N lattice, idtich (Vit not pcuAed to ^pot& on thz M Zattaiz, which is 
evidence for the periodic nature of the grain boundary structure. 

It can further be seen for the geometry of Fig. 2, that while the observed 
N lattice will be square, the observed M lattice will be distorted away from 
being square. However if the angle between m and n is relatively small, as 
is the case here, then it will not be possible to detect easily the deviation 
of the M lattice away from being square. 

3.1.3 Observations 

To illustrate the features observed from an actual boundary of the type 
discussed above, a nominally II [OOl] twist boundary will be examined in come 
detail. All of the boundaries to be discussed here were slightly off the ideal 
boundary plane and thvis contained a measurable tilt component. This was because 
the faces of the single crystals could not be polished to be exactly (OOl) or 
(ill). The influence of the tilt component on the experimental observations 




will be discussed later in this section. 
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Fig. 3 is a "bright-field multibeam image (Foil and Ast, 1979) of a nearly pvire 
tvist Z1 [001 ] boundeiry vlth a 2.0® misorientation angle, \rtiich shows a square net- 
work associated with the two sets of screw dislocations which have a 10 nm spacing. 
Frequently the bright field Images are much more complicated, as is illustrated 
in Fig. h (a), which shows a complex array of fringes with 3*0 nm spacing from a 
3.0° boundary. A weak-beam dark- field Image of this same area, recorded using 
the 220 region of the diffraction pattern, is shown in Fig. 4 (b): one set of 

screw dislocations appears as a series of narrow lines with 6.0 nm spacing while 
the other set is out of contrast. The screw dislocr.tion lines in Fig. U (b) are 
occasionally displaced (every nm) and these shifts are believed due to dis- 
locations with an edge component which accommodate a small tilt of 'tl/U° 
in the boundary. The direction and magnitude of the tilt component can be 
accurately determined for small angles by recording the diffraction patterns 
of both crystals on the same photographic plate. Two electron diffraction 
patterns from this botandary, also recorded close to the nearly common 001 pole, 
are shown in Fig. U (c and d) , together with enlarged insets of several areas 
of the patterns. (The two patterns are related by a tilt approximately abovct the 
25o axis.) Several of the insets in these figures are shown schematically and 
it can be seen that, in each case, the spots either lie on a fine lattice (o) or 
on a coarse lattice (•) and that the spacing of the coarse lattice is ‘rwice that 
of the fine lattice. The positions of the • spots relative to the o spots re- 
verse when the sign of s^ is reversed (cf I and II) and this behavior agrees 
with the predictions in Fig. 1 (c and d) ; with the symbols o and • corres- 
ponding to the N and M lattices, respectively. The spacing of the N spots 
yields a twist angle of 3.1° which., according to equation 1, corresponds to 
an array of screw dislocations with spacing T.l nm, which is somewhat larger 
than the value of 6.0 nm measured f^om the dark field image in Fig. U (b). 
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It is frequently observed that spots on the N lattice do not have companion 
spots on the M lattice. This observation is in agreement with the predicted 
behavior of the extra spots from the grain bovindary described in Fig. 2 and is 
direct evidence for the periodic nature of the boundary structure. The com- 
plex fringe pattern seen in Fig. U (a) is most likely the result of interference 
among the many reflections seen in the insets in Fig. L (c,d), which have been 
brought into the vicinity of the origin by double diffraction. Since many of 
the reflections in Fig. 4 (c,d) are the result of double diffraction, the 
image must contain Moire fringes which provide no Information about the 
boundary structure. It appears then that the diffraction pattern is the best 
source of unambiguous information about the actual boundary structure . 

Conclusive proof that the extra spots on the N lattice result from relaxa- 
tions in the grain boundary, and are not present when two single crystals 
are simply touching, can be obtained by studying the diffraction patterns from 
the interface shown in Fig. 5(a) which has a misorientatlon similar to those of 
the boundaries in Figs. 3 and L. In the region shown, the area A of the inter- 
face is a grain boundary, since the weak-beam image shows images of one of the 
sets of screw dislocations with a measured separation of 7.0 nm; the dislocation 
line displacement occurs more frequently than in Fig. L (b) ('vlS nm spacing) 
and must be associated with a larger tilt component. The neighboring area 2 
shows no evidence for a dislocation eirray; with only a fine set of fringes 
typical of a Moire effect present with a meas\n:ed 3.5 am periodicity. This 
value is half that of the expected dislocation spacing predicted from Zuu. 1 
for this boundary. Superimposed on both areas are thickness fringes 
associated with the inclination of the interface to the foil suri'ace. The 
observed features can be explained by noting that where dislocations are not 
present the two crystals do not actually touch but are separated by a thin 
amorphous or glassy phase which is presumably SIO 2 . The amorphous region 
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ii an artifact produced by the sintering technique used \.o manufacture the 
bicrystal. 

Figs. 5 (b and c) shov selected area diffraction patterns taken from the 
grain boundary and amorphous interface regions, respectively. The mlsorlentation 
angle determined from the diffract Irn pattern is 3«1° vhlch, according to equation 
1, is consistent vlth a dislocation spacing of 7«1 am. By coiiq>arlng the dif- 
fraction patterns In the vicinity of the same matrix reflections from the tvo 
regions, it can be seen that the area of structured grain boundary gives rise 
to pairs cf closely-spaced extra spots (arroved) addition to N and M spots vhile 

the non-structured Interface gives rise to no extra spots. This is a direct proof 
that the extra reflections result from the grain boundary region. This obser- 
vation demonstrates that the detection of M and N spots by themselves only 
shovs that an Inclined interface Is present and gives no information on the 
struct\ire of the Interface. The pair of extra reflections lie along a line 
vhlch has a different direction than that of the line Joining the M and N 
spots, and which is normal to the array of lines across which the screw dis- 
locations are displaced. 

The origin of the pairs of extra spots in Fig. 5 (b) can be most clearly 
demonstrated by examination of the boundary shown in Fig. 6 (a), vhlch is a 
220 veak-beam image of another region of the same nominally El [OOl] twist 
bottndary in Fig. 5i jrcepted by an extremely low angle grain boundary. 

In area A the structurt of the boundary is similar to that shown in Fig. 3 (a) 
with the set of screw dislocations in contrast being periodically displaced by a 
coarse set of dislocations; la area 3 the coarse network is now parallel to one 
set of screw dislocations. 

The diffraction patterns from regions A and B are shown in Figs. 6 (b and 
c), respecti'rely : in both cases in the 220 region a pair of extra spots is 



present betveea the N spots, and the direction of the line Joining the tvo spots . 
is nonsal to the coarse dislocation array in the region from which the diffraction 
pattern is taken. The separation of both sets of spots corresponds to a dis- 
tance in real space of 'v<19 nm. It can therefore be seen, in this example, that 
the occurrence of a pair of closely spaced grain boundary reflections is related 
to the presence of a periodic array of dislocations with partly edge character 
which accommodates a tilt component superimposed on the tvist boundary. It is 
Interesting to note that Guan and Sass (1979) made a similar observation, on a 
large angle tilt boundar:' upon which was superimposed a small tvist component, 
of the splitting of single grain boundary reflections into pairs. 

Both the twist and the tilt components impose their own periodicity on the 
boundary. If, as is likely, these are not simple multiples of one another, the 
true periodicity of the boundary may be very large (100 nm or more). It seems 
more meaningful then to separate out the different components when discussing 
such a boxindary, instead of concentrating on the correct (and possibly large) 
unit cell. An example of Just such a boundary with a large unit cell in a poly- 
crystalline foil was discussed by Carter, Donald and Sass (1979a., Fig. 3). 

With previous analyses and observations as background, attention can now 
be focussed on a larger angle (*>^®) twist boundary where the structure cannot 
be determined from the image. A brlght-field image of this boundary recorded 
with both crystals set close to the 001 pole, is shown in Fig. 7 (a), together 
with an enlarged area in Fig. 7 Cb) to show the faint sqimrc fringe pattern 
present. The fringes lie along the mean <U0> directions and have a spacing 
of 1.3 nm (another set of fine fringes parallel to the mean [lOO] direction is 
also present with a spacing of 0.9 nm) . Another image of this boundary recorded 
slightly off the 001 pole is shown in Fig. 7 (c) and one set of fringes with 
1.3 nm spacing and another set with 12.5 nm spacing are observed. A diffraction 
pattern from this area of the boundary is shown in Fig. 7 (d) together with 
insets of selected areas at greater magnification. Once again it can be seen 
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that there are pairs of extra reflections present vhlch are located aldvay be- 
tveen the tvo R spots and thax the line connecting these extra pairs of spots 
Is not parallel to the NM direction. From the diffraction pattern It can be 
seen that vhen s changes sign, the M spots move from one side of the N spots 
to the other, vhlle the extra pair of spots remains mldvay between the R spots. 

As a resi.lt of the analyses based on Figs. 1 to 6, It can be concluded from 
the presence of the extra pairs of spots \dilch are symmetrlcaJly located mld- 
vay between the N sx>ot8, both that the 8^ twist boundary has a periodic stnictiire 
and that a tilt component la present. The angle of misorlentation Is de- 
termined from the diffraction pattern to be 8.2® and the periodicity of the 
relaxation Is expected to be 2.6 nm according to equation 1 (where b Is taken 
to be a/2<U0>). The 1.3 nm fringe spacing observed in Fig. 7 (a,b) must, 
therefore, be due to Interference between the pair of M spcts or the pair of 
V spcts vhlch are separated by a distance vhlch is twice the spacing between 
u R spot and the mldx>olnt of the pair of extra spots. *nie separation between 
the pair of extra spots corresponds to a periodicity of 12.8 nm which is close 
to the observed spacing of 12.5 nm. It is also observed that the direction 
of the line connecting the extra pair of spots is normal to the coarse fringe 
periodicity. For the boundary considered in Fig. 7 it can be concluded that, 
apart from the coarse fringe contrast associated with the tilt component, there 
is no other information in the image about the structure of the twist boundary. 

It is interesting to note that the extra reflections from the 8® boundary 
are apparently much weaker relative to the matrix reflections than corresponding 
reflections fros a similar boundary in Au [see Fig. ^ (b) of Guan and Sass 
(l973a)]. *nils difference may be due partly to the magnitude of the atomic 
displacements associated with the twist boundary in Si being smaller than in Au. 
Bristove and Sass (1980) have found, from computer nodelling studies , that the 
atomic displacements for twist boundaries vltn a given misorlentation angle, vary 
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dependi.’ig on the f.c.c. metal conildered, aad are particularly large for Au. 

Au is a much stronger scatterer of electrons than is Si vrhich may also explain 

vhy the grain boundary spots appear stronger in Au than in Si. 

Attempts vere made to examine a boxindary in the vicinity of the E3 [OOlJ 

misorientation (0 « 36.87®), but although evidence for secondary dislocations 
and a tilt component vas obtained from the image (Carter, Foil, Ast and Sass, 
19T9 ) , the diffraction pattern shoved no extra effects related to the presence 
of a periodic structure. The volume of the grain boundary region is expected 
to decrease vlth increasing misorientation, since its thickness is expected to 
decrease vlth increasing misorientation [Cottrell (1953)]. 
case then it mig^t be expected that the magnitude of scattering from a large 
angle boundary vould be less than that from a ^rnall angle boimdary. Indeed it 
vas noted above that the intensity of the grain boimdary reflections vas quite 
lov for the 8® boundary and, therefore, it is reasonable to expect that the in- 
tensity from the '\/37® boundary vould be even lover, vhich may explain vhy it vas 
not detected. 

3.2 [ill] Tvlst boundaries 

3.2.1 Geometry of the reciprocal lattice 

Three [ill] tvist boundaries are shovn schematically in Figs. 6 (a, b, c.) 
Fig. 8 (a) shovs a El boundary consisting of an hexagonal array of pure screv 
dislocations vlth Burgers vector a/2<110> ^ile Fig. 8 (b) shovs the sitiiation 
commonly observed in this boundary in silicon, vhich has a relatively lov stack- 
ing fault energy; the configuration conrists of nodes containing alternating 
extrinsic and intrinsic stacking faults. Fig. 8 (c) shovs a E3 [ill] tvlst 
boundary vlth the sane misorientation frca exact coincidence as for the El 
boundaries in Fig. 8 (a,b/. This boundary can be formed by imagining the stack- 
ing fault energy to be zero in fig. 8 (b) and then adding a pure E3 tvin boundary 
to remove all the stacking faults. 

Equation 1 can be used to relate the spacing of the dislocations jvn in 
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Fig. 8 (a) to the angle of mis orient at ion. In order to do this, tvo sets of 
orthogonal, pure screv dislocations must be chosen and these need have no re- 
lation to the actxial dislocations present in the bcmdary. Equation 1 can be 


written as : 

sin 9/2---^ (2) 

where a is the lattice constant, and y, the shortest periodicity for this boundary, 
is defined in Fig. 8 (a). The periodicity, y, is in the <H0> direction and is 
thus expected to give rise to extra spots in the 220 region of the 113 plane in 
reciprocal space an shown in Fig. 8 (d). The extra spots will be a distance 
l/y from the N spots and lie along <110> directions in a hexagonal array. The 
projected structure of the boundary has hexagonal symmetry emd the formation of 

extended nodes will not alter this symmetry. 

For the same misorientation the Z3 bo:indary will have a s m a ll er unit cell 

-cn pAn/ection than the El boundary as illustrated in Fig. 8 (c). Equation 2 
will still hold but the shortest periodicity is now x (*y//3j and is in the <112> 
direction, liis structure will give rise to extra spots as shown in Fig. 8 (e); 
the distance between the extra spots is now equal to the distance between the N 
spots and the hexagonal array from the grain boundary structure is actually 
based on these N spots. 

3.2.2 Ohservations 
(a) El 

Fig. 9 (a) shows a bri^t- field image from a 0«5.2® boundary viewed at 
normal incidence; a fine hexagonal fringe pattern with spacing of 2.0 nm is 
clearly visible in the enlargement in Fig. 9 (b). The corresponding diffraction 
pattern is shown in Fig. 9 Cc) where the approximately equal intensity of each spot 
of the pairs of 220 spots indicates that any tilt component which is present in 
this boundary is very small, as confirmed by observations on the Kikuchi lines. 


Examination of the enlarged 22o region in the inset shows that weak and strong 
extra spots are present close to the matrix spots but, becaxise of the small value 
of a for the low index reflections , it is not possible to distl.ngulsh the M and N 


spots. This Information Is necessary since the appearance of both strong and 
veak extra spots suggests that double diffraction may be Influencing the dif- 
fraction pattern. The foil was then tilted away from the 111 orientation In 
order to weaken some of the matrix reflections, and the diffraction pattern 
shown In Pig. 9 (d) was recorded. In several of the enlarged Insets the M 
spots can be clearly distinguished from the N spots and It can be seen that 
extra spots are present on the hexagonal N lattice in the positions predicted 
by Fig. 8 (d). The presence of these extra spots shows that the boxmdary has 
a periodic structure. 

A 5.2° deviation from Zl would give a Moire fringe spacing of 2.2 nm for 
220-type reflections , while the actual boundary periodicity is expected to be 
3.7 nm. The appearance, direction and 2.0 nm spacing of the hexagonal fringe 
pattern in Fig. 9 Ca,b) confirms that it is a Moire effect resulting from the 
interferince of pairs of 220-type reflections and other double diffraction spots 
with tne same spacing. Thus the image contains no information on the structure 
of the boundary, which has been shown to be periodic from the diffraction 
pattern. It is interesting to note that many of the strong extra spots present 
in the vicinity of each pair of 220-type spots in Fig. 9 (c), disappear with 
the small tilt to Fig. 9 (d) , indicating that they and similar reflec- 
tions close to the origin sure due largely to double diffi action. It is these 
reflections in the vicinity of the origin that are producing the strong fringe 
contrast in Fig. 9 (a,b). 

In certain of the insets In Fig. 9 (d), where s is relatively large and 

s 

the N spots are easily identified, the and Mg spots are split into pairs (See 
the white arrows ) . Close examination shows that the M spots are actually split 
in two different directions. By comparing the diffraction patterns and the image 
it can be seen that the direction of the line Joi nin g a particular pair of spots 
is normal to the thickness fringes in the corresponding grain. This suggests 
that the splitting of the M spots is due to the foil not having parallel surfaces 
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but instead being vedge-shaped. Each matrix reflection can be considered to 
have tvo m relrods passing through it, with a relrod being normal to each of 
the foil s\irfaces (de Kidder, Van Lemduyt, Gevers and Amelinckx 1970). This 
effect is only likely to be observed experimentadJ.y when both the wedge angle 
and s are relatively large. This observation does emphasize the importance 
of being able to identify the N sp ■; \rtiich are not influenced by the surface 
of the thin foil but depend only on the plane of the boimdary. 

Careful examination of the diffraction patterns in Figs. 9 (c and d) 
shows the presence of forbidden spots (see F), which are indexed as 1/3(22U)- 
type. These spots were not observed in the single crystail diffraction patterns 
taken from the Si crystals adjacent to the boundary and, therefore, they mvist 
be associated with the grain boundary region. These spots are also observed 
from the 1® twist boxindary shown in Fig. 10 (a). This boundary shows a complex 
array of images of Shockley partial dislocations and Moire fringes due to un- 
sintered regions. In region A the boundary consists of extended nodes similar 
to those shown in Fig. 8 (b); one set of partial dislocations is out of contrast 
having g*b*0. Figure 10 (b) shows a tilt sequence of diffraction patterns 
going from (110) to (ill) to (112). The forbidden spots are clearly seen in the 
(m) pattern (see white arrow) and aftpr tilting through a large angle about 
the 22 o axis to the (112) orientation, it can be seen that the forbidden spots are 
still present, though their positions have changed slightly. Further tilt to 
the (no) orientation causes the forbidden spots to move into the positions of 
Si reflections. Thus it is seen that the forbidden spots close to 000 ore due 
to elongation into relrods of the 111-type reflections. Since the 111-type 
reflections above and below the (111) reciprocal lattice plane, lie on lines 
normal to this plane which pass through l/3(22U)-type positions, it can be deduced 
that the relrods are normal to the (ill) plane. 

Information or the origin of the forbidden 1/3(221*) -type reflections was ob- 
tained from a study of the small anglo twist boundary with a large tilt component in 
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Fig. 11 (a,b). The weatk-beani image in Fig. 11 (a) clearly shows a rectangular net- 
work of dislocations and, in agreement with Chis, the extra diffraction spots 
present in Fig. 11 (b) lie on a rectangular lattice (which is slightly distorted). 

The rectangular network is apparently the resxilt of the interaction of the edge dis- 
location array due to the tilt component with the hexagonal dislocation array of 
the twist boundary . In other twist boundaries vrtiich have only a small tilt component ' 
stacking faults are probably present at the dislocation nodes (see e.g. area A 
of Fig. 10 and Fig. 10 of Foil and Ast 1979). There is no evidence for stacking 
faxilts being present in the boundary in Fig. 11 while stacking faults were identi- 
fied for the boimdary in Fig. 10. The absence of both stacking faults and for- 
bidden reflections for the boundary in Fig. 11 and their presence for the 

other ( ill ) twist boundaries suggests that the presence of stacking faiilts 
and forbidden reflections from the boundaries are linked together [these for- 
bidden reflections can also occur ^en the specimen is very thin (Lynch 197l)]. 

Since the stacking faiilt is extremely thin, it is expected that the Si re- 
flections will be elongated to give relrods normal to the fault (see e.g. 

Clarebroiigh and Forwood 1976). Thus the relrods associated with forbidden spots 
in Figs. 9 and 10 sure believed due to the elongation into relrods normal to the 
boundary plane, of the 111 Si reflections above and below the ill reciprocal lattice 
plane. As further confirmation of the link between stacking fault and relrod, it 
should be noted that the forbidden reflections are absent from «.i i the [lOO] 
observations in Figs. 3 to 7» where there is also no evidence in the image for 
the presence of stacking faults. As noted before, the grain boundary displace- 
ment field will give rise to relrods, whose length is inversely related to the 
magnitude of the thickness of the boundary (Carter, Donald and Sosa, 1900). 

It can be concluded that the relrods due to the grain boxondary are considerably 
shorter than the relrods due to the stacking faxilts, since in the case of the 
[OOl] twist boundary, the 111 reflections do not exhibit long relrods, while 
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in the case of the [ill] twist boundary with stacking faults present, the 111 
reflections dc exhibit long relrods. The observed diffraction patterns from 
the [ill] twist boundaries behave as if the effects due to the stacking faults 
are present in addition to the effects due to the grain boundary • ^is is 
an interesting experimental observation because the stacking faults are an 
integral periodic part of the grain boundary structure, and it might have been 
expected that the length of the relrods would be influenced by the overall 
displacement field of the boundary, not Just the local effects at the stack- 
ing faults. 

It is interesting to note in the (111) pattern in Fig. 10 (b) that, in addi- 
tion to the forbidden spots, there are also diffuse spots in an approximately 

hexagonal array around the Si matrix spots. On tilting about the 2^0 axis it is 
seen that the diffuse spots along this axis remain, indicating that they do not 

result from double diffraction and must be real. The disappearance of the 

diffuse spots lying along other <U0> directions in the .111 plane indicates 

that they aire not due to relrods. It is suggested that these spots, which lie 

on a reciprocal lattice with one-q\iarter the spacing of the Si reciprocal lattice , 

may be associated with the coherent precipitates occasionally foxmd in these 

boundaries (see Fig. lU (b). Foil and Ast 1979). 

(b) Z3 

Fig. 12 (a,b) shows a weak-bean dark- field image and the diffraction 
pattern from a Z3 boundary with 'ul.7° mlsorientatlon. The image shows a fine 
fringe pattern which ejdiibits !iexagonal symmetry in different regions. The in- 
set in the diffraction pattern shows an array of spots lying on the IT lattice lu 
the positions predicted in Fig. 3 (e). Since these extra spots are not asfociated 
in general with M spots, it can be concluded that they are not due to double 
diffraction (see section 3.1.2) and their presence, therefore, demonstrates that 
the boundary structure is periodic. Measurements on the diffraction pattern yield 
a spacing of 6.U nm. It is difficult to determine the periodicity from the image. 
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since it is not uniform in appearance. The fringes running parallel tc 
[220] appear to have a somewhat smaller spacing of nm. An interesting 
point to note is that the Moire fringes associated with a small deviation from 
exact Z3 coincidence will have the same spacing as the screw dislocations if 
« these are present, although of co\urse the presence of the Moire fringes vo\ild 
not give any information on the structuure of the boundary. The forbidden weak 
l/3(224)-type spots are again observed (see white arrow), and in this case are 
believed to be related to the presence of the twin interface (see e.g. Clarebrovi^ 
and Forwood 1976 ) . 

U. Conclusions 

The images from twist grain boundaries contained in Si blcrystals are 
frequently complex and contain Moire fringes that provide no Information on 
the actual boimdary structxire. An analysis of the reciprocal lattice assoc- 
iated with these boundaries has made it possible to separate out real extra 
reflections resulting from the periodic structure of the boundary, from spurious 
effects due to double diffraction. It was possible to show that all the Z1 [OOl], 
El [m] and E3 [ill] twist boundaries examined had periodic structures. The E5 
[OOl] boxmdary gave rise to no detectable diffraction effects, however, the 
presence in the image of a periodic array of secondary dislocations demonstrated 
the periodic nature of the boundary. It is possible to detect small tilt com- 
ponents in these boundaries by the splitting into pairs of the extra reflections 
from the bo\indary. 
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List of Figure Captions 

1 

Illustrating the geometry of a blcrystal containing a tvlst grain 
boundary ^rtiich is inclined to the foil surface. The screw dislocation 
spacing is p, the foil normal is m, and the grain boundary normal is n. 
The schematic reciprocal lattice for the blcrystal in (a). The extra 
grain boundary relrods are indicated by rods passing through filled 
in spheres. 

The electron diffraction patterns expected in the 250 region, for 
opposite signs of s . 

The electron diffraction patterns expected in the ‘UOO region for 

opposite signs of s . 

a 

2 

The intersection of the Evald sphere with the reciprocal lattice in 
Fig. 1 (b), which illustrates the effect of a double difftraction process 
on the appearance of the electron diffraction pattern in the vicinity of 
the 220 region. and are produced by a double diffraction process 
involving the 2^0 and OUO regions of reciprocal space. 

The electron diffraction patteni produced in the 22^ region of (a). 

The grain boundary reflection shown results from a grain boundary 
relrod midway between 22 O 2 and 220^ which was not included in (a) in 
order to avoid confusion in the diagram. 

3 

Bright-fleld multibeam image of 2° [001 ] twist boundary. 

U 

Observations on a ''<3° [OOl] twist boundary. 

Bright-field image 

Veak-beam dark- field image of the same area as In (a), formed with 
22o reflections. 


c,d) Electron diffl*actlon patterns from the boundary in (a«b}. 

The tvo patterns are related by a tilt about the 2So axis. 

Figure 5 

Observations on a '^3° [OOl] tvlst boundary 

a) Weaik-beam dark- field Image formed vlth ^0 reflections. 

b) Diffraction pattern from area A ^Ich exhibits dislocation like contrast. 

c) Diffraction pattern from area B which exhibits fringe contrast. 

Figure 6 

Observations on another region ‘of the '^'3® [OOl] twist boundary s^own In 
Figure 5. 

a) Weak-beam dark-field image formed with 220 reflections. 
b,c) Diffraction patterns from areas A and B respectively. Note that the 
direction of the arrowed pair of reflections Is normal to the set of 
lines across which the screw dislocations are displaced. Three pairs 
of extra spots are present In each Inset. 

Figure 7 

Observations on a [OOl] twist boundary. 

a) Brlght-fleld image. 

b) Enlargement of (a) showing a square fringe pattern with a 1.3 nm spacing. 

c) Different part of the same boundary In (a,b) after a small change In the 
foil orientation. The Inset shows a fringe pattern with 1.3 nm spacing. 

d) Diffraction pattern obtained from the area shown In (c) but for different 

Imaging conditions. 

Figure 8 

The geometry of three [ill] twist boundaries. 

a) n, large stacking fault energy. 

b) medium stacking fault energy (as found for Si). 

c) n, zero stacking fault energy or E3i with the same angle of mlsorlentatlon. 

d) 220 region of the diffraction pattern expected for (a) and (b). 


A-21- 


e) 220 region of the diffraction pattern expected for (c). 

Figure 9 

Observations on a [ill] Zl tvist boundary. 

a) Brlght-fleld image. 

b) Enlargement of (a). 

c) Diffraction pattern corresponding to (a,b). 

d) Diffraction pattern from the same area as (a), vith the foil tilted 
to weaken the 220-type reflections. 

Figure 10 

Observations on a ^1° [ill] El tvist boundary, 
a) Weak -beam dark-field image formed with 502 reflections. 
b,c,d) Series of diffraction patterns related by a tilt about the [llo] 
axis from the boundary in (a). The arrows in (c,d) point out 
reflections at the l/3(22U)-type positions. 

Figure 11 

Observations on a small angle [ill] El twist boundary with a large 
tilt component. 

a) Weak-beam dark- field image fof^d with 22o reflections. 

b) Diffraction pattern corresponding to (a). 

Figure 12 

Observations on a 'tl.7® [ill] E3 tvist boundary. 

a) Weak-beam dark-field image formed with 22o reflections. 

b) Diffraction pattern corresponding to (a). 
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Figure U(c) 
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Figure 9(d) 
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8. a. Regularly and b. irregularly shaped precipitate, imaged with lattice 
resolution. Note the 'amorphous' looking patches within the precipi- 
tates. Insets represent the Si-lattice as projected along an <110>-direc- 
tion, the traces of the {ill} planes are indicated. 

9. a. Stacking fault crossing a thin twin. Both are seen inclined to the 
electron beam by several degrees. 

b. Same area, but stacking fault and microtwin seen edge-on. Several 
precipitates are also present. Bright field. Multibeam along <110> 
axis. 

10. Complicated arrangement of lattice dislocations, partial dislocations, 
stacking faults and small dislocation loops. Bright field. Multibeam 


along <U0> axis. 



